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I^Pthnd and Apparatus for Precise Posi tioning of Large Structures 

FTF.T ,n OF THP. TNVHNTION 

The present invention relates generally to real time navigation systems and, more 
particularly, to the use of such systems for the precise positioning of large structures. 

R AflKGROUND 


10 In the marine environment, construction personal are often faced with task of 

i positioning large, three dimensional structures within confined spaces. For example, during 

tf construction in ports and other areas, it is common for structures such as bridge sections and 

U tunnel sections to be moved by crane and barge into a desired location. Also, during the 

q construction of oil-rig platforms, it is common for large pilings to be placed on the ocean 

3 s S 

m 15 floor using a piling-rig. 

J Accurate, on going determination of the position of structures such bridge sections is 

required during all phases of the construction operation. In order that the bridge be properly 
configured at completion, horizontal and vertical displacements of even a few centimeters 
must be avoided. Displacements which are accidentally built into the path of a bridge, for 
20 example, may require expensive correction before the bridge can be placed in operation. 

Traditional methods of monitoring the placement of structures such as a bridge under 
construction involve the use of a variety of surveying techniques. These may include visible 
lasers and/or optical theodolites. Such methods are not particularly convent because they 
require trained personal to visit the construction site each time a new bridge section is being 
25 placed. 
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Modern surveying methods are able to make use of remote positioning systems which 
may be satellite- or land-based. The satellite system most commonly used today is the Global 
Positioning System (GPS) although others, such as the Global Orbiting Navigation System 
(GOLNASS) are also in use or under development. Some land-base systems which 
effectively simulate the satellite-based systems for a small area are also in development 
These generally involve the use of pseudolites. Engineering and surveying methods which 
use these systems can be markedly more efficient and accurate than traditional methods. 

Use of GPS in surveying typically involves a single operator who sets up a base 
station with an antenna positioned over a control point having a known position. The 
surveyor then moves about a construction site with a mobile unit having its own antenna. 
The operator places the mobile antenna over unknown survey points in the field to record 
their position using signals transmitted by a number of in-view satellites. A vector or 
baseline is determined from the basesite to the mobile unit Survey points whose positions 
are measured in this fashion may, in turn, become control points from which measurements 
1 5 of other unknown points may be taken. The use of GPS during a survey procedure may be 
combined with other techniques such as distance and angle measurements taken with GPS 
stations which may be placed at one of the control points. 

Each GPS satellite transmits two coded L-band carrier signals which enable some 
compensation for propagation delays though the ionosphere. Each GPS receiver contains an 
20 almanac of data describing the satellite orbits and uses ephemeris corrections transmitted by 
the satellites themselves. Satellite to antenna distances may be deduced from time code or 
carrier phase differences determined by comparing the received signals with locally generated 
receiver signals. These distances are then used to determine the antenna position. Only those 
satellites which are sufficiently above the horizon can contribute to a position measurement, 
25 the accuracy of which depends on various factors including the geometrical arrangement of 
the satellites at the time when the distances are determined. 
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Distances measured from an antenna to four or more satellites enable the antenna 
position to be calculated with reference to the global eUipsoid WGS-84. Local northing, 
easting and elevation coordinates can then be determined by applying appropriate datum 
transformation and map projection. By using carrier phase differences in any one of several 
known base or mobile receiver techniques, the mobile antenna coordinates can be determined 
to an accuracy on the order of ± 1cm. Using such real time kinematic (RTK) techniques, an 
operator can obtain position measurements within seconds of placing a mobile antenna on a 
unknown point In RTK systems, satellite correction data is transmitted by a radio or other 
link between the base and mobile receivers, whether or not there is a clear line of site to 
ensure that accuracy in the mobile position measurements is maintained and the survey 
information is correct 
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NUMMARY Q P THF. INVENTION 

According to one embodiment, a three dimensional structure is precisely positioned at 
desired location. To begin, a virtual model of the structure of interest is created and stored 
computer memory. Some time later, remote sensors are placed in selected positions on 
the actual structure of interest The sensors are configured so as to provide real time location, 
attitude and orientation information regarding the structure and may consist of GPS remote 
units, tilt meters, gyro compasses, and pressure sensors. The position of each remote sensor 
on the actual structure is also recorded in the computer memory so that the virtual model of 
the structure accurately reflects the real world situation. As the structure is being positioned, 
real time location, attitude and orientation information produced by the remote sensors is 
monitored at a base station and used to update the virtual model with respect to a predefined 
coordinate system. In this way, the virtual model accurately reflects the current location, 
attitude and orientation of the structure. The information so obtained can be displayed to a 
user as a graphical and textual representation of the current state of the structure. In addition, 
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the desired location, attitude and orientation of the structure is displayed. Such a display is 
then used by an operator to adjust the current location, attitude and orientation of the structure 
so as to align the current position of the structure with the desired position. In this way, this 
structure can be precisely positioned. As built reports can be generated once the positioning 
5 operation is complete. 

RRTFF DESCRIPTION OF TH E DRAWINGS 

The present invention is illustrated by way of example and not limitation in the figures 
10 in the accompanying drawings in which: 

Figure 1 is a schematic view illustrating the use of a crane to position a bridge 

section; 

Figure 2 illustrates a precise positioning system according to one embodiment; 
Figure 3a illustrates a tilt meter; 
1 5 Figure 3b illustrates a pair of X-Y tilt vials within the tilt meter of Figure 3a; 

Figures 4a-4d illustrate various views of a three dimensional structure; and 
Figure 5 is a flow diagram illustrating a method of precisely positioning a large 
structure according to one embodiment. 
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nPTATT RD DESCRIPTION 

Referring to the drawings in detail, wherein like numerals designate like parts and 
components, the following description sets forth numerous specific details in order to 
5 provide a though understanding of the present invention. However, after reviewing this 
specification, it will be apparent to those skilled in the art that the present invention may be 
practiced without some or all of these specific details. In other instances, well known 
structures, programming techniques and devices have not been described in detail in order 
not to unnecessarily obscure the present invention. 
1 0 Figure 1 illustrates the precise positioning of a bridge section or other large structure 

according to the present invention. Crane 10 is situated on barge 12 and is in the processes 
E of positioning bridge section 14. Barge 12 may be in the process of navigating a waterway 

16 such as a channel or port. As will be described below, the positioning of bridge section 
14 is aided by the use of a variety of positioning sensors which are monitored at a base 
TO 1 5 station. The base station may be located on barge 12 within crane 10. Alternatively, the base 

inns 

it station may be located at another site. 

Figure 2 further illustrates a positioning system according to the present invention. 
Structure 100 may, in one embodiment, be bridge section 14 as shown in Figure 1. 
Structure 100 may also be any one of a number of other structures, for example, a tunnel 
20 section. Located on structure 100 are a verity of sensors including a number of GPS sensors 

102, a gyro compass 108, a number of pressure sensors 1 10, and one or more tilt meters 
/vK. 112. The various sensors 102, 108, HCy and 112 are all linked to a radio 106 via a system 
bus 104. Radio 106 includes antenna 1 14 for use in communicating with the a base station 

200. 

25 Base station 200 includes a central processing unit 202, a GPS base station 204, 

memory 208, radio 210, and a display 212. Radio 210 includes antenna 214. Each of these 
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components is linked by a bus 206. Associated with central processing unit 202 is a 
keyboard 2 16 and a mouse or other cursor control device 218. The base station 200 
communicates with the various sensors on structure 100 via radio link 220. Those skilled in 
the art will appreciate that other forms of communication links, such as infra red or other 
5 optical links, could be used. Alternatively, conditions permitting, hardwire links could also 
be used. 

Onboard structure 100, each of the various sensors 102, 108, 1 10, and 1 12, is 
positioned in a strategic location. For example, each GPS sensor 102 has^t associated 
n antenna 1 16. Each antenna is positioned in a location of interest onboard structure 100. 

O 1 0 With reference to bridge section 14 in Figure 1, antennas 1 16 might be positioned at each of 
J the four corners of bridge structure 14 and another antenna 116 might be located on the 

jf highest point on bridge structure 14. In this way, positioning information from each location 

y s 

^ of interest on structure 100 can be obtained from the various GPS sensors 102. Although 

C3 described with reference to individual GPS sensors 102 for each antenna 1 16, those skilled 

S 15 in the art will appreciate that a single GPS sensor 102 could be used with a number of 

antennas 1 16 connected thereto. In such an embodiment, GPS sensor 102 would include an 
antenna switch for switching between each of the various antennas 116 located at different 
positions on structure 100. In this way, positioning information for each location associated 
with an antenna 1 16 could be obtained in a sequential fashion. For those applications where 
20 simultaneous, real-time positioning information from each location associated with an 

antenna 1 16 is not required such an embodiment is sufficient. However, where real-time, 
simultaneous positioning information is required, individual GPS sensors 102, each with its 
own antenna 1 16, will be required. 

GPS sensors 102 are each capable of receiving GPS signals from in-view satellites 
25 and producing positioning information therefrom. In order to derive centimeter level accurate 
positioning information, GPS sensors 102 communicate with GPS base station 204 via radio 
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link 220. GPS base station 204 provides teal-time kinematic correction information to allow 

GPS sensors 102 to produce real-time, centimeter level accurate positioning information. 

The manner in which such calculations are derived is well known in the art. Alternatively, 

GPS base station 204 could produce differential GPS (DGPS) correction information and 
5 provide same to GPS sensors 102 via radio link 220. Those skilled in the art will appreciate 

that if DGPS correction data is used, the positioning information derived from GPS sensors 

102 will be on the order of ± 1 meter. 

In addition to GPS sensors 102, structure 100 includes other sensors. For example, 
o gyro compass 108 is located on structure 100 and produces orientation information regarding 

□ 1 0 structure 100 with reference to true north. If gyro compass 100 is properly aligned with a 
J centerline or other reference on structure 100, real-time heading information regarding 

jj structure 100 can be obtain from gyro compass 108. Those skilled in the art will appreciate 

that the use of a gyro compass 108 involves certain limitations. For example, gyro compass 

0 108 requires a certain setup time, on the average of four hours, before accurate heading 

Ul 

5 15 information is available. In some cases, gyro compass 108 may be a ring laser gyro 

1 compass, however, this will still require a sufficient setup time. In alternative embodiments, 
the use of gyro compass 108 is not required because GPS sensors 102 with associated 
antennas 1 16 are located along the centerline or other reference line of structure 100. By 
comparing the relative positions of each of the antennas 1 16 so located, a vector between the 

20 antennas can be derived and the orientation of structure 100 with respect to a given coordinate 
system can be derived therefrom. 

For the case where portions of structure 100 will be located below water level, 
pressure sensors 1 10 are mounted in various locations. The use of pressure sensors 1 10 
allows for the transmission of pressure or depth information via radio link 220. Such 

25 information can be used for the accurate positioning of structure 100. 
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In addition, various tilt meters 1 12 can also be located on structure 100 in strategic 
locations. Tilt meters 1 12 can provide accurate two dimensional orientation data concerning 
structure 100. Referring briefly to Figures 3a and 3b, an exemplary tilt meter 1 12 is 
shown. Tilt meter 1 12 includes a plate 302 for attachment to structure 100 and housing 300 
which is fastened to the plate 302 by a bracket 304. Lid 308 of the housing 300 can be 
removed to reveal two perpendicular vials 310 which lie parallel to the bracket 304. Liquid in 
each vial 310 is electrically monitored by circuitry within the housing 300 to produce tilt 
measurement data though output ports 306. Each tilt meter 1 12 is mounted on structure 100 
in a known orientation, preferably to yield tilt data in a horizontal or vertical plane. Each tilt 
meter 1 12 is then calibrated in this known state of tilL The vials 3 10 are preferably oriented 
to yield Cartesian tilt components. Where required, the Cartesian tilt components may be 
converted later into angler bearing and deviation components. Placement and calibration of 
tilt meters 1 12 will normally take place under controlled conditions when the structure 100 is 
laying horizontal and not subject to movement The vials 310 are adjusted and locked by 
screws 312 during the calibration process. For the example shown in Figure 1, tilt meters 
1 12 may be positioned along horizontal and vertical members of bridge section 14. Tilt 
meters 112 so positioned would give orientation data in the horizontal and vertical planes, 
thus allowing accurate positioning of bridge section 14. 

Alternatively, tilt meters 1 12 may be calibrated using software. In such an 
embodiment, tilt meters 112 are attached to structure 100 in strategic locations, e.g., along 
the major axes of structure 100, while structure 100 is stationary. Tilt measurement data 
obtained from output ports 306 is interfaced to CPU 202, e.g. using a communication link as 
discussed below, or a serial or other data connection. Software running on CPU 202 
interprets the tilt measurement data and generates a tilt value for each axis. The tilt value is 
then stored to be used later as a correction factor (or calibration value) for all subsequent tilt 
measurements. For example, if the initial tilt value was determined to be 2.123 c of roll, all 
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subsequent tilt measurements would first be corrected by subtracting 2. 123 c of roll before a 
final tilt value was produced. This is similar to taring a scale while weighing a container and 
its contents. 

Returning to Figure 2, base station 200 receives the various positioning 
information, including GPS information from GPS sensors 102, orientation information 
from gyro compass 108, pressure or depth information from pressure sensors 1 10, and tilt 
data from tilt meters 112 via radio link 220. Radio signals from structure 100 are received at 
antenna 214 and demodulated by radio 210 under the control of central processing unit 
(CPU) 202. This data may be stored in memory 208 or another data storage device (not 
shown) for archiving purposes. In other embodiments, CPU 202 is located onboard 
structure 100 to provide onboard operators with real-time positioning displays as discussed 
below. In such cases, radio link 220 is primarily used to transmit RTK or DGPS correction 
information between GPS base station 204 and GPS sensors 102. 

CPU 202 is also provided with a virtual model of structure 100. The virtual model is 
a three dimensional digital representation of the structure 100 and is typically stored in 
memory 208 prior to the positioning operation. Figure 4 shows how an arbitrary three 
dimensional structure might be represented in a virtual model. Structure 400 is defined with 
reference to an XYZ coordinate system as shown. Structure 400 might represent a bridge 
section such as bridge section 14 shown in Figure 1, or some other structure that requires 
positioning. Using programming techniques well known in the art, structure 400 is 
represented in a digital format and stored in a data structure in memory 208. As each of the 
sensors 102, 108, 1 10 and 1 12 are positioned on the real world structure 400, their locations 
are recorded within the virtual model. For example, GPS antennas 1 16 might be located at 
positions 404 and 402. These reference points are included in the virtual model with 
reference to the XYZ coordinate system. Similarly, pressure sensors 1 10 might be located at 
positions 406. Positions 406 are also recorded in the virtual model with the reference to 
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XYZ coordinate system. In this way, the virtual model is updated to reflect the real world 

configuration of structure 400. 

The XYZ coordinate system is a local coordinate system. This may be translated to a 
real world coordinate system using transformation techniques well known in the art. 
5 The virtual model so established can be used for accurate positioning of structure 100 

as follows and as illustrated in the flow diagram of Figure 5. Figure 5 shows a process 
500 for the precise positioning of a structure 100 such as bridge section 14 shown in Figure 
1. At step 502, the virtual model of the structure of interest is established and stored in 
memory. As indicated above, the virtual model is a three dimensional digital representation 
10 of the structure of interest and is stored as data structure. At step 504, various sensors are 
positioned on the structure. As discussed above, these include GPS sensors, gyro 
compasses, pressure sensors and/or tilt meters. At step 506, the virtual model is updated 
with the sensor location information as described above. 

At step 508, structure 100 is in the process of being positioned. During the 
positioning process, the sensor data provided by the remote sensors is monitored at the base 
station 200 using radio link 220. In one embodiment, real-time sensor information from each 
of the sensors positioned on structure 100 is multiplexed on a radio signal by radio 106 and 
transmitted via antenna 1 14 across radio link 220 to radio 210 located at base station 200. 
Radio 210 receives the radio link transmission 220 via antenna 214 and demultiplexes and 
20 demodulates the radio signal so as to present each of the individual sensor data on bus 206. 
For those embodiments where CPU 202 is located onboard structure 100, the sensor data is 
monitored through the use of hard wired connections between the sensors and CPU 202. 
For convenience, the remainder of this discussion assumes that radio link 220 is used. 

At step 5 10, CPU 202 uses the real-time sensor data provided by radio 210 to update 
25 the virtual model stored in memory 208. The virtual model is updated to represent the actual 
location, attitude and orientation of structure 100 as it is being positioned. In this regard, 
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sensor data from GPS sensors 102, aided by correction information from GPS base station 
204, provide precise positioning information using real-time kinematic or differential GPS 
techniques. Sensor data from gyro 108 is used to provide orientation information for the 
virtual model. Data from pressure sensors 110 provides depth information for those portions 
of structure 100 which are located below water level. Data from tilt meters 1 12 provides 
attitude information regarding structure 100. 

At step 512, the current state of structure 100, i.e., the position, attitude and 
orientation of structure 100, is displayed on display 212. Figure 6 shows an exemplary 
display layout. Figure 6 is composite display showing a number of windows 602, 604, 
606, 608 and 610. Window 602 is a placement orientation window showing the current 
heading, i.e., orientation, of structure 100. Placement orientation window 602 includes a 
compass rose 620 and a position arrow 622. Position arrow 622 shows the current 
orientation or heading of structure 100 with regard to compass rose 620. The data required 
to produce the heading display in placement orientation window 602 is derived from the 
sensor data produced by the various sensors onboard structure 100. For example, if GPS 
sensors 102 are located along a centerline of structure 100, a vector can be derived and 
compared with real world coordinates to produce the heading arrow 622. Alternatively, if a 
gyro compass 108 is used, the heading information can be derived directly from the gyro 
compass 108 output. CPU 202 executes the instructions necessary to compute the heading 
information for display within window 602. 

Window 604 is a tilt window and provides attitude information concerning structure 
100. Tilt window 604 is made up of two vertical bars 630 and 632. Within each vertical bar 
630, 632 an attitude guidance information cursor 634, 636 is located. Each attitude guidance 
information cursor 634, 636 moves within its respective vertical bar 632, 630 in response to 
attitude information signals from sensors located on structure 100. The attitude information 
signals may be derived from tilt meters 1 12 and/or GPS sensors 102. CPU 202 executes the 
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instructions necessary to convert these signals to attitude information for display within 
window 604. The attitude information cursors 634, 636 provide a visual reference indicating 
the degree of pitch or roll currently being experienced by structure 100. 

Tilt window 604 is supplemented by tilt text window 606. Tilt text window 606 
5 provides a textual, rather than graphical, representation of the current pitch and roll being 
experienced by structure 100. The information used to produce the pitch and roll parameters 
displayed in tilt text window 606 is obtained from the same sensors as were used to produce 
the information for tilt window 604. As shown in tilt text window 606, in addition to 
displaying the current pitch and roll of structure 100, the desired pitch and roll which have 
1 0 been previously stored can also be displayed. This provides an operator with the information 
necessary for maneuvering structure 100 along the pitch and roll axes during the positioning 
operation. 

Window 608 is a plan view of the positioning operation. Shown in the plan view 
map of window 608 is a two-dimensional illustration 640 of structure 100. Structure 

1 5 illustration 640 indicates the current position of structure 1 00 during the positioning 

operation. Illustration 640 is shown in the orientation and position indicated by the data from 
the various sensors located onboard structure 100. Also shown in plan view window 608 is 
illustration 642 which indicates the desired position and orientation of structure 100 upon 
completion of the positioning operation. Using plan view window 608, an operator can 

20 readily determine the operations necessary to precisely position structure 100. Optionally 
shown within plan view window 608 are compass illustration 644 and grid layout 648. 
These features are shown and may be provided for operator convenience. 

Orientation text window 610 indicates the current and desired heading of structure 
100. The current heading information is derived from the sensor data just as the orientation 

25 information for window 602 was derived. The required heading information is derived from 
pre-programmed parameters, just as the desired pitch and roll indications were obtained. 
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Returning to Figure 5, at step 514, the structure 100 is positioned according to the 
information provided by the display readouts. Those skilled in the art will appreciate that the 
positioning operation can be performed manually, or remotely using control signals generated 
by CPU 202 and relayed to structure via radio 210. In such an automatic positioning 
embodiment, structure 100 would also contain auto pilot controls (not shown) to allow for 
the precise positioning of structure 100 via remote control. 

At step 516 a determination is made as to whether the structure 100 has been located 
in the proper position, orientation and attitude. If not, the process repeats the above steps 
508 to 514 until the desired position, orientation and attitude is achieved. Once the structure 
100 has been positioned properly, process 500 quits at step 518. 

In an alternative embodiment, after structure 100 has been positioned properly, CPU 
202 collects a user defined set of data. This data may include a relatively long record of 
sensor information, e.g., on the order of 10 min., from the sensors onboard structure 100. 
The data is collected in the manner described above and stored in memory 208 or a similar 
storage device. The data is averaged to eliminate spurious readings (e.g., caused by noise in 
radio link 220) and mean values and standard deviations are computed. The result of this 
data collection is a virtual model that accurately reflects the "as built" status of structure 100. 
This information can be used to generate an "as built" report, which is a summary of the best 
estimate of the final position of structure 100 for an engineering report. 

Thus, a method and apparatus for the precise positioning of large structures has been 
described. In the foregoing specification, the present invention has been described with 
reference to specific exemplary embodiments thereof. It will, however, be evident that 
various modifications and changes maybe made thereto without departing from the broader 
and spirit and scope of the invention as set forth in the appended claims. The specification 
and drawings are, accordingly, to be regarded in an illustrative rather than a restrictive sense. 
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